Abstract. A numerical model that includes the effects of mass transfer between mobile and immobile liquid phases, advection, hydrodynamic dispersion, and melt-freeze episodes was developed to simulate ionic solute transport in melting snow. Model calibration using a tracer-infused laboratory snowpack experiment yielded a dispersivity of 0.05 cm and a mobile-immobile phase mass-transfer coefficient of 4 ϫ 10 Ϫ6 s Ϫ1 , but these parameter values are tentative because of the artificial nature of the experiment. The modeled concentration of meltwater flowing out the bottom of the snowpack was sensitive to residual water saturation, flow rate, dispersivity, mass-transfer rate, and the initial distribution of solute within the pack, similar to experimental observations. The model was applied to a small watershed, and it was found that the ability of the model to accurately simulate solute movement depends on the validity of the assumption of one-dimensional flow and on the accuracy of modeling the snowpack energy balance.
Introduction
The release of the chemical impurities from melting snow introduces chemicals stored in the snowpack into streams, lakes, and subsurface water. The release of a disproportionately large fraction of the ionic solute into the earliest fraction of meltwater, termed the "ionic pulse," occurs because ionic solute is segregated to the exterior of the snow grains during snow formation in the atmosphere and during snowpack metamorphism, and the solute later mixes with earliest meltwater to percolate through the snowpack. While the processes that produce the ionic pulse are well identified [Davis, 1991; Tranter, 1991] and models of solute transport in snow have been developed [Hibberd, 1984; Bales, 1991; Akan, 1994] , there is presently no model that quantitatively reproduces the magnitude of the ionic pulse under various snowpack and meteorological conditions.
Alpine basins with granitic bedrock are especially sensitive to acidic ionic pulses because of their thin acidic soils and low-alkalinity surface waters [Melack and Stoddard, 1991] . Quantification of the sensitivity of watersheds to acid precipitation relies on integrated hydrogeochemical modeling [e.g., Gherini et al., 1985; Wolford et al., 1996] . Because of the lack of suitable physically based numerical models for quantifying solute transport in snow, watershed hydrochemical models rely on empirical relationships between snowmelt and solute release. Because solute concentrations are linked to snowpack hydrology and energy balance, such empirical models are of questionable applicability to conditions that differ from those for which the empirical relation was derived and calibrated. For investigating hypothetical scenarios involving changes in chemical loading or climate it is desirable to have a physically based model of solute transport and release from melting snow.
The magnitude of the ionic pulse observed in various studies has been attributed to such factors as melt rate [Colbeck, 1981; Marsh and Pomeroy, 1993] , melt-freeze cycles [Tsiouris et al., 1985; Bales et al., 1993] , solute concentration [Brimblecombe et al., 1987; Domine and Thibert, 1995] , variable concentration of ions in the snowpack profile [Colbeck, 1981; Bales et al., 1989] , heterogeneous flow paths [Jones, 1985; Bales, 1990; Marsh and Pomeroy, 1993; Harrington et al., 1996] , metamorphic history [Davis, 1991; Hewitt et al., 1991] , snowpack energy fluxes [Suzuki, 1991; Williams et al., 1996] , and scale effects on sampling [Marsh and Pomeroy, 1993] .
Growth of snow crystals in the atmosphere is governed by water vapor diffusion under conditions of vapor supersaturation due to the presence of supercooled water droplets. When snow accumulates on the ground, the supersaturated conditions under which the crystals grew are no longer present, and the crystals change shape. Within a dry snowpack, grain growth is driven by coupled vapor pressure and temperature gradients within the snowpack; the form of the growing crystals depends on the rate of growth, with high growth rates resulting in faceted grains (kinetic growth form) and slower growth rates resulting in rounded grains (equilibrium growth form) [Colbeck, 1986] . Both equilibrium and kinetic growth processes have similar effects on the redistribution of chemical impurities with the snow grains: On the surfaces losing mass the less volatile ionic solute accumulates on the grain surface by distillation; on the grain surfaces gaining mass, solute accumulates at the surface because it is not readily incorporated into the growing ice crystal lattice. Thus dry snow metamorphic processes tend to segregate impurities on the surface of the grain, purifying the grain interior, and the further metamorphism has progressed, the greater the tendency for the solute to be depleted from the grain interiors [Hewitt et al., 1991] .
On the basis of thermodynamic arguments, Fletcher [1968] suggested that the ice-air interface possesses liquid-like properties, but its properties are not well known. The thickness of the liquid-like layer increases as the ice warms to 0ЊC, varying from a few nanometers at Ϫ20ЊC to 100 nm at Ϫ1ЊC [Gubler, 1982] . Gilpin [1979] , however, suggested that the liquid layer was thinner, in the 2.5-14 nm range at Ϫ1ЊC. The interfacial liquid region is both a repository for solute and a medium for chemical transport and reaction. It is likely that most of the chemical reactions that take place in snow occur in the liquid phase or at crystal boundaries in polycrystalline grains because diffusion rates and concentrations are higher in these regions than within crystals [Chatterjee and Jellinek, 1971; BrimbleCopyright 1998 by the American Geophysical Union.
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Once the snow is warmed to 0ЊC, further input of energy produces liquid water, and melt-freeze metamorphism begins. Grain growth rates are higher during melt-freeze metamorphism because heat and mass can be transported in the liquid phase more efficiently than in the solid or vapor phases. Meltfreeze metamorphism causes grain boundaries to migrate and lattice orientations to gradually readjust, causing impurities to be further excluded from the grain interiors. Grain clusters form in response to capillary pressure; thus liquid water is present in intracluster veins as well as films on grain exteriors [Colbeck, 1979] . Brimblecombe et al. [1987] showed that the composition of meltwater derived from laboratory preparations of ice and solute can be modeled as a two-component mixture of concentrated surface brine and dilute melt from ice crystal interiors. The degree to which solute is retained within the ice crystal during metamorphic processes depends on the solubility of a given ion or trace gas in ice; therefore the relative solubilities of different species in ice influence the strength of the ionic pulse for each species [Gross et al., 1977; Domine and Thibert, 1995] .
The main reactions within the snowpack are partitioning between the solid, liquid, and gas phases; oxidation/reduction reactions; and dissolution of particulates [Bales, 1991] . With regard to ecological impacts the main concerns are the release of the strong acids HCl, HNO 3 , and H 2 SO 4 (affecting pH and soil base-cation pool) and nitrate (affecting nutrient cycling) [Moldan and Cerny, 1994] . Strong acid anions are in their highest oxidation state, and the oxidizers H 2 O 2 , OH, and O 3 are likely to be present in the snowpack; therefore oxidation or reduction reactions are unlikely. Because strong acid anions are also present in highly soluble forms, dissolution reactions are unlikely to be important for these species. This paper describes a model for nonreactive solute transport in snow that incorporates the effects of advection, dispersion, dilution, and concentration due to melting and refreezing and transfer of solute between immobile and mobile water.
Model Description

Conceptual Model
The transport of waterborne impurities through unsaturated porous media is a problem that has received much attention in vadose zone hydrology. Because snow is an unsaturated porous medium, much of the conceptual framework used in vadose zone hydrology can be adapted to describe transport in snow [Colbeck, 1977 [Colbeck, , 1981 . The following conceptual and mathematical framework follows Bear and Bachmat [1990] , with adaptations for processes unique to snow. Snow differs from subsurface porous media in two important ways: First, the pore geometry changes rapidly as snow ages, resulting in changes in the material hydrologic properties such as saturated hydraulic conductivity and the relation between capillary pressure and snow wetness; second, mass can be transferred between the liquid, solid, and gas phases by means of sublimation, condensation, freezing, or melting. Meltwater production or freezing of liquid water changes solute concentrations in the liquid phase by releasing solute from melting grains or by incorporating solute into the ice lattice, as well as by changing the volume of liquid in the snowpack. Akan [1994] included the effects of melt-freeze cycling in a model of within-pack solute enrichment. Because his model was expressed in terms of bulk concentration rather than mobile phase concentration, his model is less suited for application to watershed applications than the one presented here.
The metamorphic and hydrologic processes occurring in the snowpack were modeled using SNTHERM, a one-dimensional model of heat, mass, and momentum transport within the snowpack [Jordan, 1991] . SNTHERM is based on snowpack energy balance calculations [Anderson, 1968] , which generate meltwater that undergoes gravity-driven unsaturated flow through the snowpack [Colbeck, 1972 [Colbeck, , 1975 . The boundaries of the modeling domain are the top and bottom of the snowpack. Three phases affect the solute release and transport process: solid ice, mobile (flowing) liquid water, and immobile liquid water that is held in place by capillary forces within wet snow grain clusters. The state variables in the model are solute concentrations in the different phases, volume fractions of the phases, snow grain size, melt rate, and snow temperature. Because the snowpack was modeled as being a horizontally homogeneous layered medium, the distribution of snow properties and solute concentrations only varied in the vertical direction. The assumption of lateral homogeneity is dubious, especially in mountainous terrain; however, because the snowpack is thin relative to the scale of the watershed, treating the watershed-scale solute release process as the sum of the spatially distributed point processes is a reasonable strategy and a practical necessity.
SNTHERM was modified to incorporate solute transport. The solute is assumed to be nonreactive, which is valid for the strong-acid anions typically found in seasonal snow but is inapplicable for species such as H 2 O 2 , SO 2 , or O 3 . Ion exchange processes with clay or organic material contained in the snowpack were neglected as well. The model presented here is also limited in that it has no mechanism for grain-scale redistribution of solute during cold-snow metamorphism; hence the solute partitioning specified as an initial condition must be the partitioning present when the snowpack is ripe.
Mathematical Model
The conservation of solute mass within the mobile phase requires that the change in mass stored within an infinitesimal volume of snow is given by
where
) is a source term including contributions from the immobile liquid and solid phases, J m is the solute flux density (eq m Ϫ2 s
Ϫ1
), z (m) is vertical spatial coordinate, and t (s) is time [Bear and Bachmat, 1990] . Snowpack material properties are defined in the notation section. The solute flux density is given by
where D is the dispersion coefficient (m Ϫ2 s Ϫ1 ) and q is the meltwater volume flux (m s Ϫ1 ). The meltwater mass flux, meltwater volume flux u (kg liquid m Ϫ2 s Ϫ1 ), and interstitial flow velocity v (m s Ϫ1 ) are related by
In unsaturated conditions, u is a function of effective liquid water saturation:
where S is the liquid water saturation and S r is the residual water saturation, below which liquid water is held immobile by capillary forces [Colbeck, 1972] . Generally, the relation between capillary pressure and wetness exhibits hysteresis [Bear and Bachmat, 1990] , but, for simplicity, it was assumed that S r is the same during drainage and imbibition and that the volume of the immobile phase was equal to the volume occupied by the residual water; hence
Hydrodynamic dispersion depends on the scale of the system being analyzed, the covariance structure of the porous material, and the flow rate [Gelhar and Axness, 1983] , as well as the molecular diffusion coefficient of the solute. The hydrology of snowpacks is scale-limited by the depth of the snowpack; therefore the issues of scale-dependent dispersion that arise in aquifers are not critical in snow. Flow rates are generally high enough so that hydrodynamic effects outweigh diffusive effects; hence the differing coefficients of molecular diffusion for different species may be neglected. Various formulae have been proposed for relating the porous material geometry and flow field to the dispersion coefficient [Bear and Bachmat, 1990; Nielsen et al., 1986] , and subsurface hydrology has adopted the form
as a simple, practical way of relating dispersivity a to the dispersion coefficient [Charbeneau and Daniel, 1992] ; this form is used in this model. Bales [1991] and Hibberd [1984] treated the dispersion coefficient as a fitting parameter; however, here the dispersivity is a parameter, and the dispersion coefficient is calculated as in (7). Substitution of the flux J m and sources Q due to mass transfer from the immobile liquid and melt-freeze effects
where ␣ is the mobile-immobile mass-transfer coefficient, into (1) results in
Substituting the expression for conservation of mobile water mass (neglecting vapor fluxes and compaction),
into (9) and rearrangement of terms results in the governing equation for solute transport in the mobile phase:
Changes in solute mass storage within the immobile liquid and solid phases are due to sources only, because they are immobile phases. The change in solute mass stored in the immobile liquid phase is given by the mass transferred to the mobile phase
unless there is no mobile phase, in which case the source due to melt-freeze effects is applied to the immobile phase:
Equations (11) and (12) are solved for the two unknowns, C i and C m .
Numerical Model
Equations (11) and (12) were solved by a four-step process, where the advective component of transport was solved by upwind finite differences, the dispersive component was solved using a central difference scheme, mass transfer was solved analytically at each time step and at each node, and changes in concentration due to melting or freezing were determined from the nodal energy balance. A Crank-Nicolson timemarching scheme was used for both steps 1 and 2.
The snowpack was modeled as a one-dimensional array of nodes, node 1 representing the bottom layer and node N representing the surface layer. SNTHERM calculates the nodal temperatures, flow rates, grain-size evolution, liquid water content, and snow density, as described in Jordan [1991] . In the following, two sets of subscripts are used as appropriate: the subscripts used in the notation section that denote the mobile, immobile, and solid phases and the subscripts j and t that refer to the jth spatial node and the tth time step, respectively. When the subscript denoting the phase is omitted, the mobile phase is being referred to; when the subscripts denoting time and space are omitted, the current time and node are being referred to. In principle, the nodal spacing and phase volume fractions vary in time and space, but, for clarity, the superscripts j and t will be omitted from those variables except when necessary.
The advection of solute mass from one node to the next is given as
At the upper boundary the condition was imposed that no solute enters the snowpack:
At the bottom of the snowpack, solute was allowed to freely advect from the system. As wetting and drying fronts move through the snowpack, an internal boundary condition of zero solute flux was imposed at wetting and drying fronts. Analytical solution of mass transfer between the mobile and immobile phases had the advantage of accuracy and stability at the expense of additional computation above that which would be required by a finite difference formulation. Neglecting other transport processes for the moment, the mobile-immobile phase mass transfer at each node is governed by the coupled ordinary differential equations:
with the initial conditions
Solving for C i and C m at t ϭ ⌬t yields
Valocchi and Malmstead [1992] found that mass conservation errors increased with increasing values of ␣⌬t, but the values of ␣ and ⌬t typical of the present model should not lead to significant mass conservation errors. The dispersive flux was solved by a central difference scheme in the spatial domain and by the Crank-Nicolson method in the time domain [see Fletcher 1991] . The nodal spacing is variable because of compaction and ablation; therefore each layer thickness is expressed individually. Letting s ϭ 8D⌬t
gives finite difference equations for each node j of the form
where is the Crank-Nicholson time-weighting parameter. The boundary conditions were that no solute entered the snowpack from above and that solute was removed from the bottom of the snowpack by advection; hence zero flux boundary conditions were imposed for both boundaries of (23).
The amount of solute introduced into the liquid phase because of melting at each node during a time step was calculated as
where m (kg m Ϫ2 s Ϫ1 ) is the nodal melt rate and ⌬M is the nodal change in solute in the liquid phase during a given time step (eq m Ϫ2 ). Brimblecombe et al. [1988] postulated a radial variation in concentration within nominally spherical snow grains to explain ion ratios observed at low concentrations in laboratory melt experiments. In the present model, in the interest of simplicity, the concentration within grains was treated as being radially constant. The initial condition of the snowpack was specified as profiles of solute mass residing in the immobile liquid phase (or, in a cold snowpack, on the surface of the ice grains), the solute mass residing within the ice grains, snow temperature, snow density, and snow grain size.
Results
As a first test of the model, conditions were varied to simulate the sensitivity to residual water saturation S r , flow rate q, dispersivity a, mass-transfer coefficient ␣, partition coefficient m r (m r is the ratio of solute in the ice grains to that on the grain exteriors), and the location of solute within the snow profile. In these simulations, air temperature was Ϫ0.4ЊC, relative humidity was 95%, and incident thermal-band radiation was 482 W m Ϫ2 , except where the air temperature was varied to impose different flow rates.
To compare solute elution rates, the fraction of solute eluted was plotted against the fraction of snow melted; hence the steeper the slope of the elution curve, the more pronounced the ionic pulse and the higher the peak meltwater concentration. For a given mass of solute initially contained in the immobile phase, lower S r led to a more pronounced ionic pulse (Figure 1 ) because of the solute being contained in a smaller volume of liquid water as suggested by Colbeck [1977] . A similar effect occurred for different flow rates: Higher flow rates produced higher liquid water contents, diluting the solute and reducing the time available for mass transfer, resulting in lower peak concentrations (Figure 2 ), in agreement with laboratory and field experiments [Brimblecombe et al., 1988; Marsh and Pomeroy, 1993; Bales et al., 1993] . Additionally, higher flow rates resulted in greater dispersion, which also reduced peak concentrations. Larger values of dispersivity led to reduced Ϫ4 kg m Ϫ2 s Ϫ1 , m r ϭ 1.6, and a ϭ 0.05 cm.
peak concentrations due to smearing out of the concentration profile. Dispersion affected the strength of the ionic pulse less when the mass transfer of solute between the immobile and mobile phases was slow because slow mass transfer smoothes out the concentration profile, reducing the concentration gradients that drive dispersion (Figure 3) . Small values of ␣ led to a less pronounced ionic pulse because slow transfer rates delayed the release of solute into the flow stream, reducing peak concentrations (Figure 3 ). The peak concentration was affected by the partitioning of solute between the grain surfaces and grain interiors because solute residing in grain interiors was not released until the grain melted, whereas solute residing on grain surfaces was available for mass transfer as soon as mobile water was present (Figure 4 ), similar to the laboratory observations of Bales et al. [1989] . Bales et al. [1989] found that when solute is initially located in the lower horizons of the snow profile, the ionic pulse is more pronounced than when the solute is located in the upper horizons. The model reproduced this behavior as shown in Figure 5 , where higher values of m r diminished the ionic pulse.
Next, the results of a laboratory experiment reported previously by Harrington et al. [1996] were used to estimate model parameters a and ␣. Homogeneous snow was placed in a 1 ϫ 1 ϫ 0.4 m high Plexiglas container, dosed with an ionic tracer, and melted by irradiation from a heating plate. Meltwater volume and electrical conductivity (EC) were monitored at the bottom of the container. Following Bales et al. [1993] , EC was used as a surrogate for solute concentration. The snow was 38 cm deep, and the heating plate temperature was held at 30ЊC. The observed and modeled meltwater flow rate and EC are shown in Figure 6 . The EC signal is expressed as concentration factor (CF):
where c is the EC measured at any given time and c b is the bulk EC of the initial snow. The melt rate was constrained by the steady state flow rate reached after the wetting front reached the bottom of the pack, residual water saturation was constrained by the wetting-front velocity (Figure 6a) , and m r was constrained by the CF ap- Figure 6b ), when the CF is controlled by release of solute from grain interiors. Manual calibration of dispersivity a yielded a value 0.05 cm (Figure 6 ), which is typical of experimentally derived dispersivities for laboratory cores of coarsegrained unsaturated porous media [Charbeneau and Daniel, 1992] . An ␣ ϭ 4 ϫ 10 Ϫ6 s Ϫ1 gave a good fit, also on the basis of manual calibration. Because this experiment used an introduced tracer, application of this value of ␣ to natural snow is tentative. In addition to quantifying grain-scale mass-transfer processes, ␣ parameterizes the transfer of solute from slower moving meltwater to faster moving preferential flow paths.
Solute release from field snow differs from the conditions of the laboratory experiment in that melt-freeze cycles and the passage of multiple wetting fronts affect solute concentrations. Meltwater discharge and EC for a snow lysimeter at Mammoth Mountain, California, were simulated. The data were collected in six 1 ϫ 1 m lysimeters that were equipped with tipping bucket gauges and EC meters. An ionic tracer, Li 2 CO 3 , was applied to the surface of the snowpack, and the EC peak reaching the bottom of the snowpack was observed with the arrival of the day's wetting front, followed by a decline in EC as the tracer was removed from the snowpack (Figure 7) . The model reproduced the observations using ␣ ϭ 4 ϫ 10 Ϫ5 s
Ϫ1
and a ϭ 0.05 cm. For a watershed-scale test the release of chloride from the melting snowpack in Emerald Lake watershed, a 1.2 km 2 alpine watershed in the Sierra Nevada, California [Tonnesson, 1991] , was simulated. Because of chloride's nonreactive behavior and the short travel time for meltwater to reach streams, modeled concentrations issuing from the bottom of the snowpack were compared with concentrations in streams issuing into Emerald Lake.
The required inputs to the model were spatial distributions of snow water equivalent (SWE) and snow chemistry at peak snow accumulation and a time series of meteorological variables during the melt period. The SWE distribution was a regression-tree-based interpolation of snow survey data . The chloride concentration in the snowpack was 1.5 eq L Ϫ1 and was assumed to be uniform throughout the basin, on the basis of measurements of distributed snowfall chemistry [Williams and Melack, 1991] . For this simulation, S r ϭ 0.05, ␣ ϭ 4 ϫ 10 Ϫ6 s
, and a ϭ 0.05. All the solute was assumed to initially reside in grain interiors; hence the redistribution of to grain surfaces was due to melt-freeze metamorphism. Distributed meteorological measurements were based on hourly observations from a station in the basin. Distributed solar radiation calculations were made using the methods of Dozier and Frew [1990] , and air temperature was calculated using a lapse rate of Ϫ4.0ЊC km Ϫ1 , as observed by Marks et al. [1992] . The spatial coverages were then used to divide the basin into regions of similar conditions using unsupervised classification [Richards, 1993; Harrington et al., 1995] , resulting in 38 different terrain classes for which the model was run. Figure 8a compares the modeled basin-wide meltwater discharging from the base of the snowpack with the observed discharge from the basin. This comparison is reasonable be- Ϫ concentration factors (CF). Observed lake outflow and modeled snowpack meltwater drainage. Observed lake inflow CF, modeled CF, and empirical CF from Wolford et al. [1996] . cause the soils in the basin are thin or absent, subsurface and surface water storage in the basin is small, and meltwater transit times in the basin are of the order of a few hours [Kattelmann and Elder, 1991; Williams et al., 1993] . The modeled hydrograph showed more short-term variation than the observed hydrograph, in part because the modeled result has not been subjected to the modulating effect of routing through soils and stream channels. Figure 8b compares the modeled CF for Cl Ϫ issuing from the snowpack with the Cl Ϫ measured in the streams discharging into Emerald Lake (normalized by division by the bulk snowpack concentration, analogous to calculation of CF). The model predicts a maximum CF of about 7, whereas Cl Ϫ concentration factors during the 1987 melt season from three snow lysimeters' recorded maxima at the beginning of melt ranged from 1.8 to 6.2 [Dozier et al., 1989] . The discrepancy between the model and the lysimeter observations may be due to two-and three-dimensional mixing processes that are not captured by the model.
Watershed hydrochemical models of snow-covered basins require a functional specification of the solute-release rate from the melting snowpack, where the peak CF depends on the parameters of the function. Wolford et al. [1996] used a doubleexponential function to express solute concentrations as a function of the fraction of snowpack melted, which was parameterized to produce a maximum CF of 4 (Figure 8b) . Chen et al. [1983] suggest a maximum CF of 1.5-2.0 be specified for the ILWAS model, but they note that this is likely to be site specific. Both the physically based model and the empirical model produce CFs in the range of observed meltwater concentration factors and are similar to Cl Ϫ levels observed in the lake inflows (Figure 8b ).
An advantage of physically based models is that they allow investigation of hypothetical situations where the values of the forcing variables are altered. Figures 9a-9c compare the solute release resulting from three different SWE accumulations in the Emerald Lake watershed. The observed SWE accumulation is the same as that produced in Figure 8a . When the SWE is taken as 0.5 times the observed peak accumulation and the same meteorological conditions are imposed as in Figure 8 , a much higher peak CF results because the flow rates and liquid water contents are lower when melt starts issuing from the pack, producing higher initial concentrations. When initial SWE accumulation is taken as 1.5 times the observed SWE, the CF is slightly higher than the CF modeled using the observed peak accumulation. This should not be mistaken for a direct sensitivity of CF to SWE accumulation; rather, CF varies with SWE accumulation because initial meltwater discharge rates are sensitive to meteorological conditions at the onset of meltwater discharge. The hourly discharges in Figure 10 show that soon after flow began, both the 0.5 and 1.5 times observed SWE accumulations had lower initial flow rates than the observed case. Meltwater reached the bottom of the pack earlier in the shallower SWE accumulation, and the cooler conditions prevailing at that time led to lower flow rates, thus lower water contents, thus less dilution, and, consequently, a higher initial CF. In the deeper snowpack, meteorological conditions at the particular day when flow began also produced a slightly elevated CF (Figure 9b ). Because the higher CFs were associated with lower flow rates, the overall ion release rates tended to be about the same in each of the three cases (Figure 9c ).
Discussion
In the laboratory experiment, values of ␣ Ͻ 1 ϫ 10 Ϫ6 s Ϫ1 led to unrealistic accumulations of solute in the top layer of the pack as snow melted faster than solute was released, and ␣ Ͼ 1.0 ϫ 10 Ϫ5 s Ϫ1 led to complete mixing under the flow rates of the experiment. A larger value of ␣ was needed to fit the plot-scale tracer test, probably because the tracer was applied as liquid and had no chance to refreeze; hence the bulk of the solute began in the mobile phase. Initializing the model in this state required that a higher value of ␣ be used to fit the observations. Dispersion and immobile-mobile phase mass transfer both smoothed the concentration profile, reducing the intensity of the ionic pulse. While hydrodynamic dispersion and interphase mass transfer are distinct physical processes, their effect on the concentration signal is similar; therefore it is probable that the pair of parameters used here is nonunique. Studies of dispersion in other porous media provide some guidance with respect to a likely range of values for a [e.g., Mercer and Waddell, 1992] , and the values used here are well within the range reported for situations with no mass-transfer limitations.
Solute transport is linked to meltwater movement through advection, captured in the second term on the right-hand side of (11); thus successfully modeling solute transport is predicated on successfully modeling meltwater movement. The meltwater flow field during and shortly after snowpack ripening is heterogeneous and three dimensional, and a onedimensional model is limited in how accurately it can reproduce meltwater discharge at this time of the melt season. Because the early part of the melt season is also the period of highest solute concentrations, accurate modeling of the early season melt is critical to accurately modeling the ionic pulse. Modeling solute movement in a newly ripened snowpack with a one-dimensional model such as SNTHERM is a simplification of the actual snowpack hydrology because lateral flow and flow fingering both affect solute concentrations [Jones, 1985; Harrington et al., 1996] . Kattelmann [1995] found that preferential flow paths can channel water to the base of the snowpack before the bulk of the pack is ripened, which also clearly allows solute to reach the base of the pack before a one-dimensional model such as used here would predict. At the plot scale, where preferential flow paths can be expected to be of comparable importance to topographically mediated variability in melt rate, a one-dimensional model such as presented here may not perform well. Alternatively, at the small-watershed scale, where the topographically mediated melt rate is more important than the details of the flow field within the pack, a one-dimensional model can be expected to perform well if the details of the basin-scale melt field are modeled accurately. Figures 6 and 7 show instances where meltwater flow was modeled accurately, and the solute concentration was also reproduced. In both of these situations the snowpack was relatively homogeneous, and flow was approximately one dimensional. On the other hand, Figure 8 illustrates how the modeling solute signal can suffer as a result of inaccurate flow modeling. In the watershed-scale simulation, outflow from the lake began to increase at about day 85, whereas simulated meltwater discharge does not begin until day 97, resulting in a delay in simulated peak concentrations.
Conclusions
The model presented here captures the essential processes involved in the release of nonreactive solute from melting snow. The amplitude of the ionic pulse depends both on the internal properties of the snowpack and on hydrological variables that are mediated by the snow surface energy balance; therefore empirical solute-release functions such as those used in integrated watershed hydrochemical models such as ILWAS [Gherini et al., 1985] or AHM [Wolford et al., 1996] need to be uniquely parameterized for each watershed to which they are applied. Even then, such a parameterization assumes not only that snow properties and chemical profiles are representable by average conditions that are annually repeated but that the meteorological conditions driving the snowpack energy balance are also representable by parameterizations that capture average conditions. Furthermore, in empirical models the peak CF is linked to model parameters, so it cannot be sensitive to alterations in chemical loading or climate. Thus, for the purpose of predicting the effect of climate change and/or changes in chemical loading a physically based model such as the one presented here is preferable to the empirical solute-release functions that have been used heretofore in watershed hydrochemical models.
The limitations of a physically based model are in its ability (or lack thereof) to reproduce the meltwater flow field. At scales where a one-dimensional model is unable to capture the bulk flow field, such as in situations where preferential flow paths and lateral flow influence the hydrograph, the solute release signal will not be accurately rendered by the model. Unfortunately, these are the conditions that often prevail when the ionic pulse is at its peak. The hydrologic properties of the snowpack evolve rapidly during ripening, especially along preferential flow paths, where melt-freeze metamorphism promotes grain growth, enhancing the water-transmitting properties of the flow path. Therefore realistic modeling of the flow field and the ionic pulse would require a three-dimensional model. Given such a flow model, the mathematical framework presented here could readily be adapted to the higherdimensional case. 
Notation
